Chaos has been controlled with the occasional proportional feedback technique in a delayed optical bistable system that consists of a laser-diode interferometer with a delayed optoelectronic feedback. A variety of subharmonic periodic orbits and high mode oscillations are stabilized at different time delays. No knowledge about the dynamical equation is required for the control. The synchronizing frequency can be readily estimated from the ratio of the delay and the system relaxation times.
Chaotic behavior is a universal phenomenon in various physical systems. The chaotic attractor in phase space is densely sampled by an infinite number of unstable periodic orbits. Based on this knowledge, Ott et al. ' proposed a chaos control method that applies minutely and appropriately estimated perturbation to an accessible system control parameter to select and stabilize a certain periodic orbit. Their method inspired the recent research in chaos applications and was successfully performed in several experiments 2 -5 in which high-dissipative systems were employed and the return maps could be reconstructed from the time-series data. However, an alternative but related control method, called the occasional proportional feedback (OPF) technique, was also proposed. 6 Recently Roy et al. 7 demonstrated that the OPF technique could be applied to obtain control of high-dimensional chaos in a multimode laser system.
In this Letter we describe the control of highdimensional chaos in a delayed-differential system by applying the OPF technique. The system employed in the experiment is a delayed optical bistable system consisting of a laser-diode active interferometer that we proposed previously.8r" We experimentally demonstrated that this system follows the universal period-doubling bifurcation routes to chaos 8 and highharmonic bifurcation from various periodic cycles. 9 Recently we reported the stabilization of isomer patterns of high mode oscillations by directly modulating one of the system parameters, i.e., the injection current of the light source.' 0 Since the system in general involves high-dimensional dynamics for which no simple return map is available, as in Refs. 2-5, the OPF method is especially effective for the realtime control. Another reason for applying the OPF technique is that, once the delay time and the system relaxation time are known, the frequency for the fundamental periodic orbit can be easily estimated. This feature greatly facilitates the determination of the synchronizing frequency, which is a key factor in performing the OPF control. It should be noted that we do not need to utilize the dynamical model of the system, though it is available.
The experimental apparatus used in this study consists of a laser-diode interferometer with an electronic delayed-feedback loop. The light source is a laser diode (Hitachi HL7801E single-mode AlGaAs channel-substrate planar type), and the injection current ranges from 36 to 65 mA at 20 'C. A delay line is set through a computer-controlled delay circuit that can generate the delay time within T,1k -4000Tc1k, where Tdk is the clock unit, which ranges from 1 /Is to several milliseconds. Further details about the system can be found in our previous publications8" The system displays periodic and chaotic behaviors in the light output for certain parameter ranges. The main parameters are the bias injection current of the light source and the delay time. The dynamical equation of the system is described by a onedimensional delayed-differential equation."
The OPF control was realized through an analog electronic feedback system. A schematic of the control circuit together with the delayed-feedback system is shown in Fig. 1 . The laser-diode output intensity is detected by a built-in photodiode and is converted into a time-dependent electric signal x(t). A variable offset is added to x(t) to bring it within a window of adjustable width. When the waveform transits within the window, the window comparator outputs a pulse, with the pulse width coincident with the length of transition. Meanwhile a synchronizing signal is generated by a microcomputer. The frequency of the synchronizing signal (we refer to it as a sampling frequency in the following) is related to the delay and relaxation times of the system, which we will discuss below. When the synchronizing signal is coincident with the pulse from the window comparator the sample-and-hold circuit is activated and acquires the waveform voltage. A gate is employed to select only a part of the sampled signal. The gate width is adjustable within a range from 1 I.s to sev- eral milliseconds. An amplifier with variable gain, offset, and polarity delivers the control signal g(t) to the drive current of the second laser diode LD2 and, in turn, perturbs the injection current of the light source LD1 from its ambient value. It is necessary briefly to review some notable features of the delayed-differential model before describing the experimental results. Generally the solutions of the delayed-differential equation exist in an infinite-dimensional phase space since the initial condition should be specified on the whole interval (0 tr). However, in the actual case, the dynamical behavior of the delayed-differential model is subject to a dual property, the discrete property characterized by the delay time tr and the continuous property represented by the product of the derivative of x(t) and the relaxation time r. It is readily recognized that the delay time, or, strictly speaking, the ratio tnrT dominates the effects of the discrete or continuous properties of the system.' 2 Another notable feature is the relation between the ratio tnrT and the sampling frequency for the control. For the case when tnTr 2 1 (it should be noted that, for tn/r < 1 in a delayed-differential model, the output stays in stable states most of the time) the fundamental frequency of the period-two orbit is approximately 1/2(t, + r).
Having the above conclusions in mind, we perform the dynamical control of chaos for two typical cases; one is the case for a short delay time (typically tr -r), and the other is for a large delay time (typically tr 2 10r). A large number of periodic orbits is extracted and stabilized for both cases. We display a few of them to show the applicability of the OPF technique to our model. For a short delay the continuous property of the system is stressed, and no dramatic change of the output power occurs within the delay-time interval. For the delay time of 0.12 ms the free-running state in the absence of the control signal was adjusted to be a weak chaotic state, as shown in Fig. 2(a) . Note that the fluctuations of the waveform are rather small. The bias injection current was set at 60.75 mA. The fundamental frequency for the period-two orbit was calculated to be 2.50 kHz for tr = 0.12 ms and r = 80 Us. For the short delay the frequency can also be obtained from the peak position of the spectral distribution corresponding to the waveform in Fig. 2(a) . The obtained value is 2.45 kHz, which coincides with the calculated value. We can easily realize the control by adjusting the synchronizing frequency, the offset, the window width, and the gate width. In the experiment we successfully stabilized subharmonic periodic orbits to as high as the tenth order by setting the synchronizing frequency to be rational fractions of the fundamental frequency. Figures 2(b) and 2(c) display the stable waveforms of the fundamental and fourth subharmonic periodic orbits, respectively. Their corresponding synchronizing frequencies are read as 2.45 and 0.61 kHz, respectively. The dynamics become more complex with an increase of the delay time. When we increase the delay time to greater than 1 ms the fundamental periodic orbit is no longer stable enough to be observed. Instead, the system evolves into a completely chaotic state for an injection current exceeding 50 mA. For a large delay it was demonstrated that the output behaves as a nonlinear coupling of multiple unstable oscillation modes.' 2 We show that, by employing the OPF method, we can stabilize a vari- The perturbations applied to the drive injection current of LD1 are calculated, and the values are less than 1.5 mA, which is approximately 3% of the ambient value of the bias injection current of the laser diode LD1. We found the dominant factors in the OPF control are the sampling frequency, the gate width, and the offset. The sampling frequency should be adjusted to be a rational fraction or a simple multiple of the fundamental frequency, but the adjustment is rather loose for stabilizing low-order orbits and even has a tolerance limit of as large as 5% of its ambient value for higher-order orbits. The gate width exerts a great influence on the feedback strength. In our experiment the suitable range for the gate width was found to be 10-50 As. Other factors, such as the offset, the amplifying gain, and the window width, should also be adjusted to a certain region, but none of them needs stricter adjustment than that of the sampling frequency. Using the OPF control, we can stabilize various periodic orbits that never appeared in the bifurcation routes without the control. Even for those periodic orbits that are observed for both cases, the sustaining time of the waveform under the control is two digits longer than that without the control.
In conclusion, we have applied the OPF technique to achieve dynamical control of the chaos in a delayed-differential system for the first time to our knowledge. We have shown experimentally that subharmonic periodic orbits and high-order harmonic oscillations can be extracted and stabilized in an originally chaotic region without the control. Our results imply the possible application of the OPF technique in a delayed-differential system. We can also deduce various stable periodic orbits for different delay times in such a delayed-differential system.
